INTRODUCTION
============

Nefopam is a centrally acting non-opioid analgesic drug of the benzoxazocine chemical class \[[@B1]\]. It has been reported that its analgesic mechanisms may be related to the inhibition of monoamine reuptake \[[@B2]\] and the N-methyl-D-aspartate (NMDA) receptor \[[@B3]\]. The antinociceptive effect of nefopam has been shown in various animal models of acute and chronic pain. For example, its antinociceptive properties have been revealed using noxious heat stimuli (hot-plate) either in intact or in injured rats after skin and muscular incisions \[[@B4]\]. Nefopam can also inhibit nociceptive behaviors in acetic acid-induced writhing and formalin tests in the mouse \[[@B2]\]. Moreover, nefopam has shown a protective analgesic effect on allodynia induced by the chronic constriction of the sciatic nerve \[[@B5],[@B6]\]. However, the effect of nefopam on diabetic neuropathic pain remains unclear.

It is well established that diabetic neuropathic pain can easily induced by a systemic administration of streptozotocin (STZ). Systemically administered STZ has cytotoxic effect to the pancreatic β-cell \[[@B7]\]. Although STZ-induced diabetic rodents are hypoinsulinemic, they generally do not require an exogenous insulin treatment to survive. Diabetic neuropathic pain occurs mainly due to damage in the nervous system \[[@B8]\].

Since the characterization of the first nociceptive ion channel transient receptor potential (TRP) vanilloid 1 (TRPV1) \[[@B9]\], many other TRP channels on nociceptive neurons have been characterized and targeted for pain relief \[[@B10]\]. Among them, it has been observed that the inhibition of the TRP ankyrin 1 (TRPA1) ion channel reduced mechanical hypersensitivity \[[@B11]\] and the loss of the cutaneous nerve fiber function in diabetic animals \[[@B12]\] implying a contribution of the TRPA1 channel to the pathogenesis of diabetic neuropathic pain \[[@B13]\]. In addition, TRP melastatin 8 (TRPM8), which is known to be activated by cool stimuli and menthol, may be involved in the development of cold allodynia in some neuropathic pain models \[[@B14],[@B15]\]. However, the effects of nefopam on the diabetic neuropathic pain and relationships with TRP proteins expression in the DRG are not well known.

Therefore, the present study investigated the preventive effect of nefopam on diabetic neuropathic pain induced by STZ in rats. Furthermore, the levels of TRPM8 and TRPA1 expressions in the dorsal root ganglion (DRG) were examined.

MATERIALS AND METHODS
=====================

This study was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the Asan Institute for Life Sciences, Asan Medical Center. The committee follows the Institute of Laboratory Animal Resources (ILAR) guide.

1. Experimental animals
-----------------------

Male Sprague-Dawley rats (160-180 g) were housed three per cage in a room maintained at 21 ± 1.0℃ with an alternating 12 h light-dark cycle. The rats were provided with water and food ad libitum and were permitted to acclimate for at least three days prior to their use in experiments. The animals were allowed to adapt to the laboratory for at least 2 h before testing, and they were used only once. To reduce variation, all experiments were performed during the light phase of the cycle (10:00-17:00).

2. Induction of diabetes by STZ and experimental protocols
----------------------------------------------------------

The rats were randomly divided into three groups (seven rats per group): 1) the control group, which received only the vehicle; 2) the STZ group, which received STZ; and 3) the nefopam group, which received nefopam before the administration of STZ. After overnight fasting, diabetes was induced by an intraperitoneal injection of STZ (Sigma-Aldrich Co., St. Louis, MO, USA). The STZ solution was prepared freshly by dissolving normal saline and was injected intraperitoneally at a dose of 60 mg/kg, as previously described \[[@B16]\]. Age-matched control rats received a vehicle alone. The induction of diabetes was assessed by weekly measurement of the tail vein blood glucose level using a commercial blood glucose meter (Optium Xceed®, Abbott Diabetes Care, Alameda, CA, USA). Body weight was also monitored. Diabetic rats with hyperglycemia (blood glucose levels of more than 300 mg/dL from 1 to 4 weeks) were included in the study. Nefopam (Acupan®, Pharmbio Korea Co., Seoul, Korea) was injected intraperitoneally at a dose of 30 mg/kg 30 min before the STZ administration. The dose of nefopam was chosen based on previous publications \[[@B4],[@B6]\]. During the administration of nefopam, the control and STZ groups were treated with the vehicle for nefopam (normal saline).

Behavioral tests were performed before, and 1 to 4 weeks after the final administration of the drugs in order to measure behavioral responses to mechanical and thermal stimuli. To evaluate the expressions of the TRPM8 and TRPA1 proteins in the DRG, the DRG was isolated 4 weeks after the final drug administration.

3. Behavioral tests
-------------------

Behavioral tests were performed during the same time period on each testing day (10:00 AM to 4:00 PM). Rats were positioned in individual plastic cages with wire-mesh bottoms and were permitted to acclimate for 20 minutes. Baseline testing was performed before drug administration to verify that the animal responses were normal. To test for mechanical allodynia, a von Frey filament (Stoelting, Wood Dale, IL, USA) was used to stimulate the plantar surface of the left hind foot. Eight calibrated von Frey filaments (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.10 g) were sequentially applied to the plantar surface of the foot (in an ascending or a descending order), and gently pressed against the foot. Rapid withdrawal or flinching was interpreted as a positive response, in which case the next-lightest filament was tested; a negative response led to the application of the next heaviest filament. Determination of the 50% withdrawal threshold was made using the up-down method, as previously described \[[@B17],[@B18],[@B19]\].

Responses to cold stimuli were examined using the acetone method, as previously reported \[[@B19]\]. Briefly, a drop of acetone was lightly placed onto the plantar surface of the left hind foot. Acetone was applied 5 times to the hind foot at 5 min intervals. A rapid withdrawal in response to the application of acetone was considered as a positive sign. The number of withdrawal responses was counted. Rats that showed a withdrawal response in more than 2 of 5 applications (40%) were classified as demonstrating cold allodynia.

For the hot-plate test, rats were individually placed on a 55℃ hot-plate apparatus (Ugo-Basile, Varese, Italy) as previously reported \[[@B5]\], after which the reaction time starting from the placement of the rat on the hot-plate to the time the rat licked its hind paw was measured. The cut-off time of the hot-plate test was approximately 12 sec.

4. Total cellular protein extraction and Western blot analysis
--------------------------------------------------------------

After dissecting the L4-L6 DRG, corresponding to the afferent nervous pathway from the hind paw, the tissue was washed two times with cold Tris-buffered saline (TBS; 20 mM Trizma base and 137 mM NaCl, pH 7.5). Immediate after washing, cells were lysed with SDS lysis buffer (62.5 mM Trizma base, 2% w/v SDS, 10% glycerol) containing 0.1 mM Na~3~VO~4~, 3 mg/mL of aprotinin, and 20 mM NaF. After brief sonication to shear DNA and reduce the viscosity of this mixture, the protein concentration was determined with a detergent-compatible protein assay reagent (Bio-Rad Laboratories, Richmond, CA, USA) using bovine serum albumin as the standard. After the addition of dithiothreitol (5 mM) and bromophenol blue (0.1% w/v) and boiling, the total proteins (40 µg) were separated by electrophoresis in 15% polyacrylamide gels and transferred onto a polyvinylidene difluoride membrane (Amersham Pharmacia Bioscience, Little Chalfont, Buckinghamshire, UK). The membranes were immunoblotted with antibodies against TRPA1 (1:1000; Abcam, Cambridge, MA, USA), TRPM8 (1:1000; Abcam) and β-actin (1:1000; Bethyl Laboratories INC., Montgomery, TX, USA) and visualized with the ECL-plus solution (Amersham Pharmacia Bioscience). The membranes were then exposed to Hyperfilm-MP (Amersham Pharmacia Bioscience) to detect the light emissions. The specific signals for TRPM8, TRPA1 and β-actin were quantified using ImageJ freeware (NIH, USA).

5. Immunohistochemistry
-----------------------

The histological findings in the three rats used in the behavioral tests were also analyzed (n = 3 rats per group) \[[@B18],[@B20]\]. Briefly, under anesthesia, the rats were transcardially perfused with 4% buffered paraformaldehyde four weeks after the administration of STZ. The L5 DRG was collected and subsequently fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned to a thickness of 4 µm. After blocking with 5% goat serum, 0.3% Triton X-100, and 1% bovine serum albumin in phosphate-buffered saline (PBS-T), double-label immunofluorescence was conducted by incubating the paraffin sections overnight at 4℃ with rabbit polyclonal antibodies against TRPM8 (1:1000, Abcam), with the IgG fraction of the mouse polyclonal antibody against the N52 clone of neurofilament 200 (NF200, 1:200; Sigma-Aldrich), followed by incubation with Alexa Flour 555 goat anti-rabbit IgG (red; 1:500; Invitrogen, Carlsbad, CA, USA) and Alexa Flour 488 goat anti-mouse IgG (green; 1:500; Invitrogen) for 2 hours at 20℃. The immunostained DRG sections were observed using a confocal microscope.

6. Statistical analysis
-----------------------

The data are presented as the means ± standard error. Behavioral data (withdrawal threshold to mechanical and thermal stimuli) were evaluated by two-way repeated measures analysis of variance (ANOVA). The statistical significance of the differences for the quantified specific signals for TRPM8 and TRPA1 was assessed with a one-way ANOVA followed by the Bonferroni\'s post hoc test. *P* values less than 0.05 were considered significant.

RESULTS
=======

1. Establishment of diabetes
----------------------------

One week after the injection of STZ, the diabetic rats developed severe and sustained hyperglycemia compared to the control rats ([Fig. 1A](#F1){ref-type="fig"}). The STZ-injected rats exhibited a significant reduction of weight gain compared to the control group of rats ([Fig. 1B](#F1){ref-type="fig"}).

2. Behavioral tests
-------------------

The baseline threshold to evoke a withdrawal response to mechanical stimuli in all rats before drug administration was 15.10 g (maximal mechanical stimulus). the paw withdrawal threshold to mechanical stimuli was reduced significantly after the STZ treatment in a time-dependent manner ([Fig. 2A](#F2){ref-type="fig"}). A systemic pretreatment with 30 mg/kg of nefopam inhibited STZ-induced mechanical allodynia significantly during the testing period (up to 4 weeks). STZ produced significant cold allodynia after 1 week, which was sustained until 4 weeks after the STZ administration. The withdrawal response to cold stimuli was significantly increased in the STZ-treated rats. Pretreatment with nefopam inhibited STZ-induced cold allodynia significantly in a time-dependent manner ([Fig. 2B](#F2){ref-type="fig"}). In the hot-plate test, the paw withdrawal latency to noxious thermal stimuli (55℃) was significantly decreased in STZ-treated rats from 2 to 4 weeks after administration. A pretreatment with the same dose of nefopam did not significantly affect STZ-induced noxious thermal hyperalgesia ([Fig. 2C](#F2){ref-type="fig"}).

3. TRPA1 and TRPM8 protein expressions in the DRG
-------------------------------------------------

As shown in [Fig. 3A](#F3){ref-type="fig"}, an STZ injection did not affect the basal level of the TRPA1 protein in the DRG. On the other hand, an immunoblot analysis revealed that the TRPM8 protein level in the DRG significantly increased 4 weeks after STZ injection, which was reduced by the nefopam pretreatment ([Fig. 3B](#F3){ref-type="fig"}). The β-actin expressions in the DRG were not altered in any of the experimental groups. An immunohistochemical analysis 4 weeks after the STZ injection revealed an increase in TRPM8 immunoreactivity (IR) in the DRG cells, which was co-localized with NF200-positive neurons ([Fig. 4](#F4){ref-type="fig"}). Moreover, the nefopam pretreatment decreased the STZ-induced TRPM8-IR, as shown [Fig. 4](#F4){ref-type="fig"}.

DISCUSSION
==========

In this study, pretreatment with nefopam significantly inhibited STZ-induced mechanical and cold allodynia, but not thermal hyperalgesia. The STZ injection increased the TRPM8, but not the TRPA1, protein expression levels in the DRG. The nefopam pretreatment decreased the STZ-induced TRPM8 expression level in the DRG.

Antiallodynic or antihyperalgesic effects of nefopam pretreatment were previously evaluated in other models of neuropathic pain. For example, a single intraperitoneal pretreatment, but not a post-treatment, of nefopam significantly increased the withdrawal threshold to mechanical stimuli and the paw licking latency to noxious thermal stimuli (51℃) in a rat model of chronic constriction injury of the sciatic nerve \[[@B5]\]. Laboureyras et al. \[[@B21]\] reported that a preemptive treatment of nefopam prevented the development of long-term pain hypersensitivity induced by a surgical incision. Similarly, in the STZ-induced diabetic neuropathic pain model used in the present study, a nefopam pretreatment significantly inhibited STZ-induced mechanical and cold allodynia.

However, in contrast to previous reports which used constriction injuries of the sciatic nerve \[[@B5]\], a nefopam pretreatment did not attenuate thermal hyperalgesia in the present study. This discrepancy may be at least partially explained by the different progression rates of the development of hyperalgesia in diabetic neuropathic pain. In the STZ-induced diabetic rat, this type of neuropathy progression is not very rapid, as vascular dysfunction developed after 1 week and functional abnormalities within 1 month \[[@B22]\]. Given the relative short action duration of nefopam compared to the development of diabetic neuropathy, only a single pretreatment of nefopam before an STZ injection may be less effective at blocking central sensitization than before a sciatic nerve constriction injury \[[@B23]\].

It has been proposed that the TRPA1 channel may be involved in the development as well as the maintenance of diabetic mechanical hypersensitivity \[[@B11],[@B12],[@B13]\] and cold allodynia \[[@B24],[@B25]\]. Wei and colleagues \[[@B11]\] demonstrated that a TRPA1 channel antagonist attenuated mechanical hypersensitivity in diabetic animals. Furthermore, the TRPA1 gene expression level in the DRG 14 days after a STZ injection was enhanced by 45% in diabetic rats \[[@B24]\]. In the present study, the TRPA1 protein level in DRG was not affected 4 weeks after the STZ injection. The characterization of the exact time course of TRPA1 protein expression in diabetic rats remains to be elucidated.

On the other hand, the TRPM8 protein level in DRG neurons was increased after the STZ injection and decreased by the nefopam pretreatment in the present study. To the best of our knowledge, there is no report of a relationship between TRPM8 and cold allodynia induced by STZ. Our results appear to be similar to those with other neuropathic pain models. That is, the level of the TRPM8 protein in the L5 DRG in chronic constriction-injured rats increased significantly \[[@B14],[@B15]\]. TRPM8 is well known as a cold sensation receptor, and several studies have indicated a relationship between TRPM8 expression and cold hyperalgesia and allodynia. For example, a study using TRPM8 and TRPA1 knockout animals revealed that noxious cold signaling may be exclusive to TRPM8, mediating neural and behavioral responses to cold and cold-mimetics \[[@B26]\]. It was shown that nocifensive behaviors to cold stimuli were absent in TRPM8 knockout and TRPM8/TRPA1 double-knockout mice but were retained in TRPA1 null mice. Similarly, cold allodynia induced by the application of icilin or acetone was attenuated in TRPM8 knockout mice \[[@B27]\]. Therefore, given the present results, the preventive effects of nefopam on STZ-induced cold allodynia appear to be related to TRPM8 located in DRG neurons. In contrast, the role of the TRPM8 receptor with regard to sensations of mechanical stimuli is not well understood. There are conflicting results about association between TRPM8 and mechanical hypersensitivity indicating that a complex mechanism between the TRPM8 receptor and mechanical allodynia may exist \[[@B28],[@B29],[@B30],[@B31]\]. Therefore, the preventive effects of nefopam on STZ-induced mechanical allodynia cannot solely be explained by the TRPM8 expression levels in DRG neurons. This remains to be elucidated in a further study.

The present experiment has some limitations. First, diabetic neuropathy does not always manifest in STZ-induced diabetic rats. Kim et al. \[[@B32]\] reported that the incidence of diabetic neuropathy in STZ-induced diabetic rats is 85.7% with regard to both mechanical allodynia and cold allodynia. Because nefopam was given before the STZ injection, we could not determine that the incidence of diabetic neuropathy was equivalent in both groups. Therefore, our result may be influenced by the incidence of neuropathic pain development. In addition, STZ-induced diabetic rats can show certain structural changes of the peripheral nerves, such as axonal atrophy, axonal disjunction, and fiber demyelination, despite the fact that these changes evolve slowly \[[@B8]\]. However, the effects of a nefopam pretreatment on pathologic structural changes during STZ-induced diabetic neuropathy were not evaluated in the current study. This can be explored in future work which exploits the effect of a nefopam pretreatment on the peripheral nerve structure in a diabetic rat model.

In conclusion, a pretreatment with nefopam was shown to inhibit STZ-induced mechanical and cold allodynia significantly, but this was not the case for noxious thermal hyperalgesia. Pretreatment with nefopam also decreased the STZ-induced TRPM8 expression in the DRG neurons.

This work was presented in part as J Nam\'s M.S. thesis at the University of Ulsan College of Medicine (2014).

![Changes of blood glucose levels and body weights after streptozotocin (STZ) treatment in rats. After overnight fasting, an intraperitoneal injection of a vehicle (Control) or STZ (60 mg/kg) was performed. Nefopam was injected intraperitoneally at a dose of 30 mg/kg 30 min before the administration of STZ (Nefo-STZ). The induction of diabetes was assessed by a serial measurement of the tail vein blood glucose level using a blood glucose meter (A). Body weight was also measured (B). The data are presented as the means ± standard error. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001 compared to the control group.](kjpain-27-326-g001){#F1}

![Effect of a nefopam pretreatment on the withdrawal response to mechanical and thermal stimuli in streptozotocin (STZ)-induced diabetic rats. Pretreatment with nefopam (30 mg/kg) was given intraperitoneally 30 min prior to an intraperitoneal injection of STZ (60 mg/kg). Behavioral tests were performed before, and 1 to 4 weeks after the final administration of drugs. Systemic pretreatment with 30 mg/kg of nefopam significantly inhibited STZ-induced mechanical allodynia at 4 weeks (A). Pretreatment with nefopam significantly inhibited STZ-induced cold allodynia from 2 weeks after the nefopam treatment (B). However, a nefopam pretreatment did not attenuate STZ-induced thermal hyperalgesia (C). The data are presented as the means ± standard error. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001 compared to the control group. ^†^*P* \< 0.05 and ^††^*P* \< 0.01 compared to the STZ group.](kjpain-27-326-g002){#F2}

![Effect of a nefopam pretreatment on the transient receptor potential ankyrin 1 (TRPA1) and melastatin 8 (TRPM8) protein expression levels in the dorsal root ganglion (DRG) of streptozotocin (STZ)-induced diabetic rats. Pretreatment with nefopam (30 mg/kg) was performed intraperitoneally 30 min prior to an intraperitoneal injection of STZ (60 mg/kg). To evaluate the expressions of TRPA1 (A) and TRPM8 (B) proteins located in the L4-L6 DRG, a Western blot analysis was performed 4 weeks after the final drug administration. The specific signals for TRPA1 and TRPM8 were quantified and plotted (lower panel). β-actin was used as an internal loading control. STZ injections did not significantly affect the basal level of the TRPA1 protein in the DRG, which was not altered by the nefopam pretreatment. The TRPM8 protein level in the DRG significantly increased 4 weeks after the STZ injection, which was reduced by the nefopam pretreatment. ^\*\*\*^*P* \< 0.001 compared to the control group. ^†††^*P* \< 0.001 compared to the STZ group.](kjpain-27-326-g003){#F3}

![Typical double immunofluorescence staining of transient receptor potential melastatin 8 (TRPM8) and neurofilament 200 (NF200) in the rat dorsal root ganglion (DRG) of streptozotocin (STZ)-induced diabetic rats. Pretreatment with nefopam (30 mg/kg) was performed intraperitoneally 30 min prior to an intraperitoneal injection of STZ (60 mg/kg). Four weeks after the final drug treatment, L5 DRG samples were immunostained with TRPM8 and neurofilament 200 (NF200), a marker of myelinated neurons. The colocalization of TRPM8 was visualized in a merged image.](kjpain-27-326-g004){#F4}
